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Fig. 1 (a) Schematic view of Compton scattering process. (b)
Typical spectrum of Compton scattering. When incident x-
ray with energy w; is scattered by electrons inside a material,
the x-ray loses energy and forms a peak at w; (<w;). This
process is called as Compton scattering. Its peak width car-
ries information of the electron momentum distribution
n (k). In experiments, elastic scattering peak also appears at
the original energy of x-ray.
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Fig. 2 High-resolution x-ray Compton scattering spectrometer in
BLO8W, SPring-8.
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(Color online) (a) Crystal structure of La, ,Sr,Cu0,4?. (b) CuO, plane. Cu sites form a square lattice and host

aspin 1/2. At x=0 the system exhibits an antiferromagnetic Mott insulator. When La is replaced by Sr, holes are
doped at oxygen sites and have a spin 1/2. The hole spins interact with the Cu spins strongly, forming Zhang-Rice
singlets (shaded part) . These Zhang-Rice singlets are mobile and disturb the antiferromagnetic order, leading to
high-temperature superconductivity with a reasonable amount of hole doping. (c) Schematic phase diagram of
cuprate superconductors in the plane of hole-doping rate (&) and temperature. The antiferromagnetic phase
(AF) is suppressed quickly with hole doping. The spin glass phase appears at low temperatures and extends up to
0~0.1. The d-wave superconducting (SC) phase is realized in 0.05<J<0.25 with the highest critical temperature
around 0=0.16. Above the superconducting dome, the pseudogap phase is realized and pronounced especially in

the underdoped region (§<0.16).
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(Color online) Phase diagram of La,_,Sr,CuO,!V. Various
phases are revealed inside the pseudogap phase (T<T¥):
not only superconductivity (SC) below 7, and spin glass
phase (below Ty,; this lines is not precise, see Fig. 4(¢c) ), but
also short-range charge-density-wave order (CDW-SRO)
below T, and a coupled order of spin and charge referred to
as spin-charge stripes (Stripe).
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Fig. 6 (Color online) Spectral weight at the Fermi energy observed
by ARPES for overdoped cuprates, (a) Tl,Ba,CuOg, '3
and (b) La,_,Sr,CuO,¥. In (b), the first quadrant of the
Brillouin zone is shown.
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g. 7 (Color online) Fermi surface reported by ARPES for under-
doped La,_,Sr,CuO, with x=0.03 (a), 0.07 (b), and 0.15
(c) in the first quadrant of the Brillouin zone!®). Red dots are
Fermi momenta determined by peak positions of the
momentum distribution curves. (d)—(f) The corresponding
energy distribution curves for several choices of the Fermi
momenta'®. Vertical bold bars represent the energy position
of the anti-nodal gap.
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Fig. 8 (Color online) Electron momentum distribution measured
by the Compton scattering for La,_,Sr,CuO, with x=0.08 at
300 K and 150 K4. The square region around k= (0, 0) con-
tains a large experimental error and thus is not considered.
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Fig. 9 (Color online) (a) Conventional scenario of the Fermi sur-
face in the underdoped La,_,Sr,CuQ,. The two-dimensional
Fermi surface is realized in each CuO, plane, which is cou-
pled via weak interlayer hopping of electrons. The bulk
Fermi surface is essentially the same as that in each CuO,
plane. (b) and (c) Electron momentum distribution n (k)
and its derivative |vn(k)| measured by the Compton
scattering®. The Fermi surface reported by ARPES (black
dots) 8 is superimposed for a comparison.
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Fig. 10 (Color online) (a) Electronic nematic scenario of Fermi
surfaces in the underdoped La, ,Sr,CuO42V. The Fermi
surface expands along the k, direction and shrinks along the
k, direction, or vice versa, in each CuO, plane, leading to a
quasi-one-dimensional Fermi surface in each plane. This
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The interlayer coupling is weak and thus the k, dependence
of the Fermi surfaces can be negligible. (b) and (c) Elec-
tron momentum distribution n(k) and its derivative
|vn(k) | measured by the Compton scattering . The Fermi
surfaces predicted in the electronic nematic scenario (black
and purple curves) are superimposed for a comparison.
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Fig. 12 (Color online) Map of n(k) measured by the Compton

scattering?. The conventional Fermi surface reported by
ARPES (black dots)!® and the Fermi surfaces in the elec-
tronic nematic scenario (black and purple curves) are su-
perimposed for a comparison.
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X-ray Compton scattering reveals Fermi surfaces
of electronic nematic liquid crystal in cuprate
superconductors

Hiroyuki YAMASE International Center for Materials Nanoarchitectonics, National Institute for
Materials Science (NIMS), Tsukuba 305-0047, Japan

Yoshiharu SAKURAI Japan Synchrotron Radiation Research Institute (JASRI), SPring-8, Hyogo
679-5198, Japan

Abstract The Fermi surface denotes the boundary between occupied and unoccupied states of electrons
in momentum space and plays a crucial role to determine the property of metals—hence it is
recognized as a fundamental concept to discuss metals. In fact, the Fermi surface is usually ex-
plored at the initial stage of research of a metallic system. This was also the case of high-tempera-
ture cuprate superconductors discovered 36 years ago. With a huge number of experiments, it is
believed that the shape of the Fermi surface was already established. However, the pseudogap—
one of the most mysterious phenomena in the cuprate physics—makes it possible to reveal only a
part of the Fermi surface, and the full shape of the Fermi surface remains to be confirmed in experi-
ments.

Here utilizing synchrotron radiation, we perform high-energy x-ray Compton scattering experi-
ments for La-based high-temperature cuprate superconductors La,_,Sr,CuQ, (x=0.08), and rev-
eal the momentum distribution of electrons in the full Brillouin zone. It turns out that the data can-
not be interpreted in terms of the two-dimensional Fermi surface believed so far. Instead, the data
imply that the electron motion has a preferred direction along the x or y direction—the characteris-
tic feature of the electronic nematic liquid crystal. The resulting Fermi surface becomes quasi-one-
dimensional in each CuO, plane. Synchrotron-radiation x-ray Compton scattering works effective-
ly in the present study and reveals a physics that neither angle-resolved photoemission spec-
troscopy nor quantum oscillation measurements can capture for a long time.
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